This report describes an interactive Hewlett Packard (HP) 9845A computer program that inverts spectral induced polarization (SIP) or complex resistivity (CR) data. A complex (that is, frequency dependent) impedance is defined in terms of a multiplicative Cole-Cole model (Cole and Cole, 1941; Pelton, 1977; Washburne, 1982) . Either amplitude, phase or amplitude-phase data can be inverted. This program utilizes Marquardt's (1963) maximum neighborhood method to stabilize the inverted derivative matrix. The reduced chisquare (Bevington, 1969) determines convergence. Both 'normal' and reversed (or 'negative') dispersions can be modeled. This allows first-order EM coupling effects to be removed from field data. Program operation is demonstrated using a calculated dispersion.
Below, SIP measurements, Cole-Cole models and inversion techniques are introduced briefly. Relevant computational procedures are reviewed in three sections under "Program description": 1) input, 2) calculations and 3) output. After noting a few program limitations, user-orientated procedural guidelines, program notes and program input/output (I/O) are reviewed.
An SIP measurement consists of recording a complex impedance (usually resolved into amplitude-phase or realimaginary components) across a wide frequency range (.01-1000 Hz, for instance). The objective of a SIP measurement is to quantify charge polarization effects that are induced in the earth by an alternating electric field. In most rocks, this polarization can be characterized by a simple dispersion or by several dispersions. Specific ). Amplitude data are scaled using a simple logarithmic transformation; phase data are scaled using a hyperbolic sine transformation. The second transformation scales small (-Kx<l mrad) phases linearly while larger positive and negative phases are scaled logarithmically.
Initial Cole-Cole parameters (m, T and c) must be supplied interactively. Several families of curves ( fig. 2 ) demonstrate the effect each parameter has on a dispersion's shape. Any parameter can be held constant to constrain the final solution. A logarithmic transformation of T effectively limits its range to between 4 and -7. The ranges of m and c are physically constrained between 0 and 1 by the equivalent circuit representation of a Cole-Cole dispersion (Pelton etal., 1978) . Constraining these two parameters with a simple trigonometric or hyperbolic transformation is ineffective because poorly resolvable parameters become fixed at unrealistic values. Therefore, it is best that these parameters be fixed as the need arises. Both m and c must be positive. Occasionally, a modified parameter becomes negative (it is displayed as a negative); however, its absolute value is used for subsequent calculations.
A weakness of the Cole-Cole model is the high inherent correlation between parameters. This is illustrated by inverting the systematically varying spectra in figure 2 and graphically summarizing the resulting parameter correlations ( fig. 3 ). These results indicate that parametric ambiguity is greater when a dispersion is: strong (m), incomplete (T) and/or broad (c). table 1 for a definition of these and other variables). This parameterization is useful to quantify many spectral curves simply for more detailed int erpretat ional analysis.
The inversion subroutine (Curfit) searches a nxn parameter space for a minimum reduced chi-square between the weighted raw and inverted data points (Bevington, 1969) . The impedance function is linearized by considering only the first two terms in its Taylor-series expansion (equation 4), where Z(a))/RQ has been transformed to y(x) for simplicity.
A P (4) 
At each iteration, X is changed. Initially, and away from the zone of convergence, X is large and increasing--the search approximating the gradient method. As a minimum is approached, however, X is decreased and the search approximates the linearized expansion method, which converges quadratically in this region.
Convergence is reached when either the incremental or relative chi-square error becomes less than some tolerance. The tolerance defaults to 10 for phase and amplitude-phase inversion options and to 10""-* for the inversion of amplitude. These might need to be modified for exceedingly good or noisy data sets. Because these tolerances are derived from experience with theoretical, laboratory and field data sets, it appears as though the inversion of logarithmic amplitude data is less sensitive to parametric variations than is the inversion of logarithmic phase data.
Either numeric or analytic derivatives can be used in this program. The only significant difference between the two methods is the much greater speed at which analytic derivatives are calculated; the time savings is a function of the number and resolvability of the parameters. Numerical derivatives are calculated by perturbing each parameter, in turn, by 10% and finding the differential: Ay/Ax. Analytic derivatives are derived from the partial derivatives (equations 8-10) of a single Cole-Cole dispersion.
where
Since amplitude and phase are defined as (equations 11-12),
analytic derivatives have the form of equations 13-14: 
Residual real and imaginary (that is original spectrum.
are calculated by decomposing the modeled imaginary parts of the spectrum from the real and 
The reduced chi-square (x v 2 ) (equation 20) is a measure of how well a fitting function matches a series of observations and is found by taking the ratio of the functional .variance to the weighted average of the sample variances (a^ = w^a^ ).
Ideally, the reduced chi-square is unity larger values indicating a poor fit, smaller values indicating a larger uncertainty in the observations. If sample variance is unknown, a* =1, and the reduced chi-square is simply the least-squares error.
Parameter error can be estimated from the covariance matrix (equation 21). Following the statistics, raw and inverted dispersions are plotted. A plot of logarithmic phase lag and normalized (by RQ ) amplitude versus logarithmic frequency is preferred because Cole-Cole parameters are estimated easily from this presentation. Data can be plotted on a normalized realimaginary axis diagram (also known as an Argand or Cole-Cole diagram). For the benefit of those who prefer this format, the raw data are plotted on a reduced real-imaginary diagram also.
Program limitations
When comparing this data to other Cole-Cole modeled data, beware of slight but pararaetrically significant differences in the way multiple dispersions are defined.
Three dispersion models are adequate to fit most laboratory and field SIP data. If more complicated models are desired, the 9845A's 64K byte memory must be extended or advantage taken of overlapped processing. USER MODIFICATIONS: There are a few places where the user might want to set a default variable in the program. A few of the most likely modifications are described below.
Begin by pushing EDITLINE ...; finish by pushing STORE.
1) The internal printer is activated by changing the device code, Pdev, in line 390 from 16 to 0. Activating lines 2100 and 2250 will keep intermediate parameters from being printed out when Pdev=0.
2) A double logarithmic phase scale (to plot both positive and negative phases) is activated by changing the variable Log$ in line 400 from "YES" to "DBL".
3) Numeric, rather than analytic derivatives, will be calculated if the variable Analytic$ in line 1080 is changed from "YES" to "NO".
4) The default input device variable Device$ can be changed in line 6240 from ":C" (disk) to ":T14" (left-hand tape drive), for instance.
5) The log-log plot's base and frequency range are easily modified in lines 750 and 5300. These default to: base=10, fm i n =-3 and fmax = 5. Either plot can be suppressed by deactivating (with ! ) the appropriate line (see lines 750, 770, 5300 or 5310). Note that if subroutine Crplt is not called before Argplt, the plotter must be initialized. Change line 8910 to:
PLOTTER IS 13, "GRAPHICS"--to accomplish this.
6)
Occasionally, weak dispersions are incorrectly scaled in the final plot. This condition exists when a large DC offset is obvious between the raw and inverted normalized amplitudes. To replot the data correctly, temporarily modify Rk in line 7070 from 1 to RO. RO -DC apparent resistivity; initially set to Amp(l,l) Mode 2: Statistical-assumes a statistical relationship where errors are proportional to magnitude.
Mode 3: Selective-allows arbitrary weights to be assigned to each data point. In turn, amplitude and phase data are displayed, five points per line. A row of "l"'s, also offset in groups of five, will be displayed at the bottom of the screen. These are default weights. Use the < and --> keys to position the cursor under the data point that is to be reweighted. CONT when finished. Mode 4: None-assigns equal weights of "1" to each data point (default). 7) At this point, a tabulated summary of the data is printed to the device specified by Pdev (line 390). In this example, frequency (Hz), amplitude (ohm-m) and phase (mrad) are printed with their respective weights. Note that these are values of phase shift whereas phase lag is plotted.
8) How many dispersions ... do you want to model?
--model Refer to "Procedures". End with CONT.
9) Input M,T,C:
P(*) Requests initial Cole-Cole parameters, CONT.
10)
Are these correct? : Requests confirmation that parameters have been entered correctly. Typing NO branches back to step 9. CONT. 11) Do you want to hold one parameter constant?: Allows one parameter of current model to be held invariant during inversion. CONT.
12) "Which one?:" Requests parameter to be held constant. . This loop must be passed through for each parameter held constant. CONT.
At this point, the computer starts inverting the data. If, for any reason, the inversion is terminated prematurely by pushing special function key "k8" (ie. wildly fluctuating or unrealistic parameters), the program should jump to step 13 (ie, statistics will be calculated for the last iteration).
Unfortunately, if k8 is pushed during an intermediate calculation, the statistics and inverted plot might be invalid. Avoid this situation by pushing k8 immediately following the display of an intermediate result. The following listing was made by assigning PRINT ALL IS 0 and depressing the PRINT A.LL key. Each step is described in the User Instructions section of this report. Under normal operating conditions, only the two output sections indicated by a double line in the right-hand margin will be output to the thermal printer when Pdev=0. 2 *********#**#**##*#*###*##****#****** MODEL 1 9 ) INPUT M,T,C:
.5,1,.5 CHflRGEflBILITY= .500 TIME CONSTRNT=1.00E+0Q FREQUENCY DEPENDEHCE= .500 ************************************* 10) fl^e these correct?(YES or NO) YES Do you want to hold one parameter const ant?(YES or NO) YES
12)
Enter one parameter you want to hold constant<1,2,or3>: 3 Do you want to hold one parameter const ant?<YES or NO) NO MODEL 2 INPUT M,T,C: .5,.001,.3 CHRRGERBILITY= .500 TIME CQNSTRNT=1.00E-93 FREQUENCY DEPENDENCE= .300 ************************************ 23   13  23  33  43  53  68  70  30  90  103  110  120  130  140  150  160  170  180  190  200 21*0   220  230  240  250  260  270  280  290  300  310  320  330  340  350  360  370  380  390  400  410  420  430 44'0   450  460  470  480  490  530 513 520 *********************************************************** 4550  4560  4570  4580  4590  4600  4610  4620  4630  4640  4650  4660  4670  4630  4690  4700  4710  4720  4730  4740  4750  4760  4770  4780  4790  4800  4810  4820  4830  4840  4850  4860  4870  4880  4890  4900  4910  4920  4930  4940  4950  4960  4970  4980  4990   5000  5010   5020  5030  5040  5050  5060  5070 Pddnc, l)=Sgn*Kl/Dl Pd< Inc , 2)=Sgn*B/Dl Ret=2*W2c+fl*<l+W2c) Pd<l+Inc, l)=Kt*Ret Imt=B*<l-W2c) Pd< l+Inc,2)=Kt*Imt Pd<2+Inc, l)=Kc*<Ret*LQG<Wt )-P2*Imt) Pd<2+Inc,2)=Kc*<P2*Ret+Imt 
